The reliance of viruses on host cell machinery typically extends beyond actual replication of the viral genome to include trafficking of the virus to the site of replication and egress of viral progeny out of the cell. Directed transport within the cell occurs along cytoskeletal tracks, primarily microtubules, although some transport is also supported by actin microfilaments. Microtubules can be important not only for early or late events such as transport to the nucleus or transit to sites of budding at the plasma membrane but also for shuttling intermediate viral products between sites of assembly within the cell (10, 49) . In addition to transport functions, microtubules have been of interest as a potential scaffold for viral assembly (44) . In fact, tubulin has been shown to be an important regulator of transcription for several negative-strand RNA viruses (6, 9, 20, 35, 42, 54, 58) .
Evidence for an association between viruses and host cell cytoskeletal elements was reported as early as the 1970s (30, 31) . In recent years, there has been a resurgence of interest in virus-cytoskeleton interactions that has culminated in several reviews on the topic (36, 46, 52) . In addition to a mounting number of viruses reported to make use of the host cell cytoskeleton, specific viral proteins that interact either directly with microtubules or with microtubule-associated motor proteins have begun to be identified. These include the tegument protein VP22 of herpes simplex virus type 1 (13, 32) , VP22 of Marek's disease virus (41) , M protein of Sendai virus (42) , L* protein of Theiler's murine encephalomyelitis virus (40) , A36R membrane protein of vaccinia virus (57) , protein p54 of African swine fever virus (1), spike protein VP4 of rotavirus (39) , and core protein 2 of reovirus (44) .
The filovirus Ebola (EBOV) is a nonsegmented, negativestrand RNA virus that causes severe, often fatal, hemorrhagic fever in humans and other primate species. The periodic occurrence of natural outbreaks and the potential for weaponization, combined with a lack of preventative or therapeutic measures, make EBOV a serious public health concern. Although progress has been made toward understanding the EBOV infection process and how the virus traffics through the cell (2, 14) , much remains unknown. In particular, the molecular mechanisms of filovirus assembly and its possible interactions with cellular components such as the cytoskeletal network are poorly understood.
The matrix proteins of the negative-strand RNA viruses are involved in viral egress, playing a critical role in assembly and budding (17) . The Ebola virus matrix protein VP40 consists of two structurally similar domains with a ␤-sandwich structure (11) . Purified VP40 protein has been shown to form oligomers when bound to lipid bilayers or destabilized by C-terminal truncations (48, 50) . When transfected into cultured cells in the absence of other viral proteins, VP40 becomes localized to the plasma membrane lipid rafts (43) , suggesting a possible further role for VP40 in the trafficking of replicated virus to the membrane. Ectopic expression of VP40 results in the formation of filamentous, virus-like particles, suggesting that VP40 is the main driving force for final particle assembly (4, 21, 55) . Our previous studies indicated that a fraction of Ebola VP40 
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Filovirus, Ebola, VP40, microtubules, confocal microscopy, tubulin polymerization remains in the cytoplasm, possibly associated with cellular compartments (43) . Several motifs in the VP40 molecule can potentially mediate interaction with cellular proteins (2), but except for the domains interacting with the vacuolar protein sorting machinery (19, 33) , the functional significance of these motifs has not been examined. In this report, we present evidence that Ebola VP40 associates with microtubules and that transfection of cells with VP40, or infection with EBOV, rearranges and stabilizes microtubules. We also identify a motif within the VP40 sequence that may represent a basis for the interaction of VP40 with tubulin.
MATERIALS AND METHODS
VP40 mutation and transfection. Tagging of VP40 and production of VP40 truncation mutants were described previously (43) . Briefly, a tetracysteine (TC) tag (16) was added to the N terminus of VP40 cDNA (TC-VP40 ) to allow visualization with the biarsenic fluorophore FlAsH. TC-VP40 1-326 was used as a template to generate truncation mutants with a Stratagene QuickChange kit. The constructs were transfected into 293T, Vero-E6, GHOST, and HEP-G2 cells by using Lipofectamine plus (Invitrogen, Carlsbad, Calif.) according to the manufacturer's instructions.
Fluorescent labeling and confocal microscopy. Tetracysteine-tagged Ebola VP40 and mutants thereof were labeled by using FlAsH (Panvera, Madison, Wis.) as previously described (16, 43) . In some instances, the Lumio Green kit (Invitrogen) was used for FlAsH labeling per the manufacturer's instructions. In other cases, VP40 was visualized by a rabbit antibody to the C-terminal 16 amino acids of Ebola VP40 (43) . However, we found antibody staining to be less effective than FlAsH staining for labeling microtubule-associated VP40, perhaps due to masking of antibody epitopes by microtubule association. The same antibody was also used to visualize VP40 in Ebola-infected cells. Cells were moved into a containment suite, infected, fixed in 4% formaldehyde, and irradiated to kill the virus before being stained for confocal microscopy. Microtubules were labeled with DM1A anti-␣-tubulin monoclonal antibody (1:500; Sigma, St. Louis, Mo.) and an Alexa 568-conjugated goat anti-mouse secondary antibody (1:500; Molecular Probes, Eugene, Oreg.). Cell nuclei were labeled with Hoechst stain (Molecular Probes). Images were obtained with a Bio-Rad (Hercules, Calif.) 2000MP confocal/multiphoton system attached to a Nikon TE300 inverted microscope.
Immunoprecipitation and Western blots. 293T cells, transfected with VP40, were lysed in lysis buffer containing 1% Triton X-100, 150 mM NaCl, 10 mM Tris-HCl (pH 7.5), 1 mM MgCl 2 , and 1 mM EGTA at room temperature. Tubulin was immunoprecipitated from cell lysates with DM1A anti-␣-tubulin monoclonal antibody and magnetic beads coated with goat anti-mouse antibody (Dynal, Brown Deer, Wis.). Cell lysates and immunoprecipitates were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and immunoblotting with rabbit anti-VP40 (43) or sheep anti-tubulin antibodies (Cytoskeleton, Denver, Colo.).
Generation of purified VP40 and tubulin binding assay. Ebola VP40 1-326 was cloned into pET22b vector (Novagen, San Diego, Calif.) and expressed in Escherichia coli strain BL21(DE3) for purification (11) . Cells were induced in log phase at 37°C with 0.1 mM isopropyl-␤-D-thiogalactopyranoside (IPTG) and grown for an additional 4 h at 30°C. Harvested cells were lysed by microfluidization in 50 mM Tris (pH 8.8), 100 mM NaCl, and 0.1 mM ␤-mercaptoethanol (lysis buffer) containing Complete EDTA-free protease inhibitor (Roche Diagnostics, Indianapolis, Ind.). Cell debris in the lysate was removed by centrifugation, and 0.17% polyethyleneimine was added to the supernatant. The sample was centrifuged again, and the supernatant was applied to a Q-Sepharose column (Amersham Biosciences, Piscataway, N.J.). Ebola VP40 in the flowthrough was pelleted by precipitation with 50% (NH 4 ) 2 SO 4 solution in a 2:1 (vol/vol) ratio. The pellet was resuspended in lysis buffer and dialyzed overnight into buffer containing 20 mM bicine (pH 9.3), 100 mM NaCl, and 0.1 mM ␤-mercaptoethanol before final purification by sizing chromatography (Sephacryl S-200; Amersham Biosciences) (11) . To generate oligomeric VP40, purified His-tagged VP40 was incubated with 2 M urea and an excess of E. coli nucleic acids as described previously (18) and isolated by sizing chromatography (Sephacryl S-200; Amersham Biosciences).
Two different approaches were used for the tubulin binding assay. First, a mixture of purified VP40 and tubulin in phosphate-buffered saline (PBS) was subjected to immunoprecipitation followed by immunoblotting, as described above, to detect direct physical association between the two proteins. In a second approach, purified VP40 (20 g/well) was immobilized on MaxiSorb 96-well plates (Nunc, Roskilde, Denmark) or Ni 2ϩ -coated plates (Pierce, Rockford, Ill.). After blocking the nonspecific binding sites with 5% nonfat milk, various amounts of purified tubulin (Cytoskeleton) were added to the wells and incubated at room temperature for 2 to 3 h. After washing the unbound protein, bound tubulin was detected by DM1A monoclonal antibody followed by horseradish peroxidase (HRP)-conjugated anti-mouse antibody and horseradish peroxidase detection reagents. Binding was measured in an enzyme-linked immunosorbent assay reader as absorbance at 405 nm.
In vitro polymerization of tubulin. Tubulin polymerization assays were performed with a kit purchased from Cytoskeleton, Inc., by using the protocol recommended by the manufacturer. The polymerization was monitored in real time in the presence and absence of VP40 or a control protein by measuring the light scattering at 340 nm over several hours.
Ebola virus infection. Vero-E6 or 293T cells were infected at a multiplicity of infection of 1 with Ebola Zaire virus for 50 min at 37°C, 5% CO 2 in eight-well chamber slides. Nonadsorbed virus was removed from cells by washing monolayers twice with PBS followed by addition of fresh complete medium for an additional 48 h. Samples were fixed in 4% formaldehyde, inactivated by irradiation (10 7 R, 60 Co source), and tested for absence of infectivity in cell culture before use.
RESULTS
VP40
associates with cellular microtubules and purified tubulin. In a previous study (43) , we noted that a fraction of Ebola VP40 transfected into 293T cells was often arranged in a fibrillar pattern inside the cells. Although this pattern was often present in full-length VP40, it became extremely consistent and dramatic after truncating the C-terminal nine amino acids (VP40 ). The resemblance to microtubule bundles and the similarity in pattern to microtubule-associated viral proteins such as VP22 of herpes simplex virus type 1 (13, 32) and 2 of reovirus (5, 44) led us to investigate whether this pattern of VP40 cellular localization reflects association with microtubules. We therefore compared the immunofluorescence localization pattern of ␣-tubulin to the distribution pattern of VP40, visualized with an N-terminal tetracysteine tag and the biarsenic dye FlAsH as previously described (16, 43) . As shown in Fig. 1 , these experiments revealed considerable colocalization of full-length VP40, as well as VP40 , with microtubules. Examination of the tubulin staining pattern further revealed a readily noticeable bundling of microtubules in cells expressing the full-length VP40 compared to untransfected cells (compare Fig. 1 with the first panel of Fig. 5A ). The microtubule bundling was even more pronounced in cells transfected with the VP40 1-317 truncation mutant. Further truncation of VP40 at residue 308 (VP40 ),a mutation that completely eliminates the release of VP40-containing Ebola viruslike particles (43) , eliminated the colocalization with microtubules as well as the aberrant formation of microtubule bundles (Fig. 1) . VP40 was arranged in a globular pattern typically located close to the nucleus, as we had reported previously (43) . Similar results to those described above were obtained when VP40, VP40 , and VP40 1-308 were transfected into Vero-E6, GHOST, or HEP-G2 cells (data not shown). It must be noted that the microtubule-associated VP40 was less readily detectable by our antibody staining than by FlAsH staining (see Fig. 8 ), possibly due to poor accessibility of the epitope in the complex. However, most cells staining positive for VP40 consistently displayed bundling of microtubules independent of staining technique (see Fig. 8 and data not shown).
Because some viruses known to associate with microtubules have also been reported to localize to the microtubule organizing center or centrosome (3, 45), we examined VP40 localized at or near regions enriched in ␥-tubulin, a prominent constituent of centrosomes. However, examination of a large number of cells revealed no colocalization between VP40 and ␥-tubulin ( Fig. 2A) , nor was microtubule-associated VP40 reliably clustered around ␥-tubulin. VP40 is known to interact with the vacuolar protein sorting (vps) protein TSG101, causing its redistribution to the plasma membrane and lipid rafts (33, 43) . This interaction is proposed to be critical for the vesicular budding of VP40 (28) . However, it is not known whether TSG101 plays any role in VP40 trafficking. Recently, Chiou and colleagues reported the concurrent association of TSG101 and the NS3 protein of the Japanese encephalitis virus with microtubules (7). Therefore, we examined the pattern of TSG101 immunofluorescence to determine whether TSG101 colocalized with microtubule-associated VP40. While TSG101 was clearly redirected to the plasma membrane in the presence of VP40, it did not exhibit any association with the bundled microtubules (Fig. 2B) . These data suggest that while bound to microtubules, the late (L) domain of VP40 may be sterically hindered for interaction with TSG101. The finding further suggests that TSG101 probably does not play a major role in VP40 subcellular trafficking to the plasma membrane.
To further examine the physical association between microtubules and VP40, we performed immunoprecipitation studies. Cells were transfected with a control plasmid or cDNA for full-length VP40, and tubulin was immunoprecipitated from cell lysates made in a microtubule-stabilizing buffer. As shown in Fig. 3A , VP40 coimmunoprecipitated with anti-␣ tubulin monoclonal antibody (MAb), suggesting a physical association of VP40 with tubulin. Modest levels of association in cell lysates may reflect the fact that the majority of the polymerized tubulin was lost to the pellet after lysis and centrifugation. These data, along with the colocalization studies, clearly dem- onstrate a physical interaction between VP40 and microtubules. To address whether this interaction occurs directly between VP40 and tubulin or is mediated by a microtubuleassociated protein, we immunoprecipitated tubulin from a mixture of purified tubulin heterodimers and purified full-length VP40. As shown in Fig. 3B , anti-tubulin MAb pulled down VP40 in addition to the purified tubulin, indicating a direct interaction between the two proteins. To further confirm the direct association of the two proteins, we immobilized purified VP40 on 96-well plates and incubated the plates with different amounts of purified tubulin. After an extensive wash, bound tubulin was detected by anti-tubulin and HRP-conjugated secondary antibodies. As shown in Fig. 3C , a specific, dose-dependent binding between VP40 and tubulin was detected in this experiment. Taken together, these studies indicate that the association of VP40 with microtubules is a consequence of direct interaction with tubulin. In addition, the data suggest that VP40 can interact with both the polymerized and heterodimeric tubulin.
We then sought to determine whether tubulin has a preference with respect to monomeric or oligomeric VP40. For this purpose, we generated oligomeric VP40 by addition of RNA to monomeric His-tagged VP40 as described previously by Gomis-Ruth and colleagues (18) . Figure 4A shows the monomeric and in vitro-oligomerized VP40 proteins. The proteins were then immobilized on Ni 2ϩ -coated plates and incubated with different amounts of tubulin, and bound tubulin was detected by anti-tubulin antibody. As shown in Fig. 4B , in this experiment we did not detect any significant difference in binding of the monomeric and oligomeric VP40 to tubulin. 
VP40 association stabilizes cellular microtubules against drug-induced depolymerization.
Having determined an association between VP40 and microtubules, we expected that depolymerization of microtubules may redistribute VP40. However, treating cells with moderate concentrations of the microtubule-depolymerizing drugs nocodazole or colchicine yielded a very different result. We found that microtubule bundles that colocalized with VP40 were largely protected against drug-induced depolymerization when incubated for 2 h with nocodazole ( Fig. 5A and B) . Identical results were obtained when the cells were treated continuously with nocodazole starting 1 h after transfection (Fig. 5C ), suggesting that VP40 may actively promote the polymerization of tubulin in the presence of depolymerizing drugs, as well as protecting the existing polymer from disruption.
Polymerization of tubulin is enhanced by purified VP40. To test the ability of VP40 to promote tubulin polymerization, we performed an in vitro tubulin polymerization assay with purified proteins. This assay takes advantage of the increase in light scattering at 340 nm as a result of tubulin polymerization. As shown in Fig. 6 , adding purified VP40 to a tubulin polymerization reaction significantly increased the rate of microtubule polymerization in a dose-dependent manner. VP40, at a ratio of 1:12 (VP40 to tubulin), increased the maximum light scattering in this reaction and decreased the time to reach the maximal polymerization by 50% (Fig. 6 ). This effect did not result from a change in light scattering caused by VP40 itself during the incubation time, as a control containing VP40 without tubulin showed no increase in light scattering (Fig. 6) . The effect was specific to VP40, as adding 25 g of bovine serum albumin did not affect the rate of microtubule formation (Fig.  6 ). To the best of our knowledge, this is the first report of an animal virus protein directly promoting tubulin polymerization in vitro.
VP40 contains a motif homologous to MAP2 tubulin binding motif. Having determined that VP40 interacts directly with tubulin, we sought a molecular basis for this interaction. The bundling and stabilization of microtubules by VP40 strikingly resemble the effect exerted by some microtubule-associated proteins such as MAP2 and Tau (15, 23) . Four 31-amino-acid imperfect repeats in MAP2 are known to be critical for the association with microtubules (15, 29) . When we performed alignments of VP40 with the MAP2 repeats, we found a region in VP40 (amino acids 223 to 253) with 35% sequence identity and 39% homology with the MAP2 fourth repeat (Fig. 7A) . As shown by the X-ray structure of VP40 (Fig. 7B) , residues 223 to 253 lie on the surface of the protein structure and, accordingly, could provide a binding surface for tubulin. To examine a possible involvement of this region in association with microtubules and microtubule bundling, we used two deletion mutants of VP40 lacking amino acids 226 to 240 or 241 to 255. These mutants and a wild-type control were transfected into 293T cells, and 48 h hours after transfection, cells were treated with 10 M nocodazole for 2 h before staining for tubulin and VP40. As shown in Fig. 7C , while the wild-type VP40 protected microtubules from depolymerization, these two mutants did not. It is noteworthy that these mutants also failed to associate with the plasma membrane. These data suggest that VP40 may use amino acids within the regions deleted in these mutants, which essentially cover the potential tubulin binding sequences (223 to 254) to influence microtubule dynamics in a manner similar to MAP2.
Ebola virus infection results in rearrangement of microtubules into bundles. While the transfection experiments suggested an involvement of microtubules in EBOV cellular trafficking, it was important to demonstrate this phenomenon in the context of infection with the authentic virus. Therefore, we examined the microtubules of EBOV-infected 293T and Vero-E6 cells. Cells were infected with Ebola Zaire and, 48 h after infection, were treated with nocodazole, fixed, irradiated, and stained. As shown in Fig. 8 , infected cells contained numerous, thick bundles of microtubules, suggesting that VP40 produced during an EBOV infection has a similar effect on microtubules to what we observed in VP40-transfected cells. Although Vero-E6 cells are shown in Fig. 8 , similar results were obtained with 293T cells. In general, we noted that microtubule bundling in the infection experiments was less dra- matic than what we observed with VP40 transfection. This may reflect modulation of VP40-microtubule interaction by the remaining Ebola proteins or may result from the handling of samples before removal from BSL4. For safety reasons, infected cells undergo very harsh treatments such as fixation in acetone, incubation at Ϫ80°C for several days, and irradiation (6 ϫ 10 6 rad) before leaving the biocontainment laboratory. Therefore, the reduced level of bundling in these cells, compared to transfection experiments, may be a result of microtubule destabilization during these treatments. Nevertheless, the data strongly support the association of microtubules with Ebola proteins during the viral life cycle.
DISCUSSION
The results described above demonstrate that Ebola VP40 associates with microtubules through a direct interaction with tubulin. This association reorganizes microtubules into bundles and stabilizes them against drug-induced depolymerization, similar to what has been reported for the herpes simplex virus protein VP22 (13, 32) , reovirus 2 (5, 44), and NS3 of the Japanese encephalitis virus (7). Our results further indicate that infection with the live EBOV likewise bundles and stabilizes microtubules, although to a lesser degree than what is seen with VP40 transfection. This study is also the first report of an animal viral protein that can directly enhance tubulin polymerization in vitro. Taken together, our findings suggest that EBOV employs microtubules during its life cycle, a phenomenon that appears to be conserved across a number of viral families (46) .
While colocalization with cellular microtubules has been reported for several viral proteins, to the best of our knowledge, direct physical interaction with purified tubulin has previously been shown only for M proteins of Sendai virus (42) and the Indiana serotype of vesicular stomatitis virus (34) . Our data indicate a direct association between Ebola VP40 and tubulin (Fig. 3) both in vivo and in vitro. Furthermore, purified full-length VP40, when added to tubulin in vitro, enhanced polymerization of tubulin, suggesting that the MT bundling seen in vivo probably is not dependent on an intermediary protein. This is the first report of an animal viral protein directly augmenting tubulin polymerization in vitro. However, a recent report indicates in vitro induction of tubulin polymerization by potato X virus (51) .
Our findings suggest that VP40 exhibits the properties of a microtubule-associated protein (MAP), that is, it binds to tubulin and affects its polymerization and dynamics. The mechanism of this physical association is presently not clear. Our findings indicate that eliminating the C-terminal 18 amino acids of VP40 completely eliminated the association of VP40 with microtubules. However, when the C-terminal tail of VP40 was fused to red fluorescence protein and expressed in cells, it failed to exhibit a fibrillar expression pattern (data not shown). Studies with purified protein (50) previously demonstrated that removing the C-terminal tail of VP40 destabilizes the two domains of the protein and significantly alters the conformation. Consistent with these reports, our studies in transfected cells showed that truncating the C-terminal 18 amino acids of VP40 resulted in premature oligomerization, cytoplasmic retention, and elimination of virus-like particle release (43) . The likelihood that the loss of microtubule association in VP40 was a result of a conformation change suggests that the association of VP40 with tubulin could be governed by a conformational surface consisting of multiple motifs.
The pattern of microtubule bundling induced by VP40 is reminiscent of microtubule stabilization triggered by the microtubule-associated proteins MAP2 and Tau, a phenomenon thought to support neuronal process outgrowth (15, 23) . Mutational analyses have demonstrated that microtubule binding and bundling activities of MAP2 was dependent on a 31-amino-acid motif imperfectly repeated in tandem in the carboxy terminus of MAP2 (15), with the strength of binding being dependent on the number of these repeats. Our sequence alignment of Ebola VP40 with MAP2 revealed a region in the C-terminal domain of VP40 (amino acids 223 to 253) that exhibited 35% sequence identity with the fourth 31-amino-acid repeat of MAP2 (Fig. 7A) . This motif is also present in the microtubule-associated protein Tau (39 to 62% sequence identity with the different MAP2 repeats). When we deleted sequences corresponding to this motif in VP40, it resulted in loss of microtubule association and bundling (Fig. 7C ), suggesting that a mechanism similar to MAP2 may be involved in VP40 interactions with tubulin. This motif forms a large exposed surface on the VP40 molecule (Fig. 7B) , suggesting its accessibility for interactions with tubulin. We also found small patches of sequence identity between the first and second repeat and regions in the N-terminal domain of VP40, the significance of which remains to be investigated (data not shown). Interestingly, the 31-amino-acid motif is not present in Marburg virus VP40, and in preliminary experiments, we were unable to detect any microtubule bundling in Marburg virus VP40-transfected cells (data not shown). It remains to be determined whether this reflects a mechanistic difference between the life cycle of these two related viruses. To highlight the common residues between MAP2 and VP40, amino acids S228, L231, E235, Q238, A239, S243, L244, V250, and P251 are additionally rendered in ball-and-stick format (cyan, carbon atoms; red, oxygen atoms; blue, nitrogen atoms). K225 is not shown because it is untraceable in the X-ray structure. (Right) In the same orientation as the ribbon diagram, VP40 is shown as a surface rendering. Residues 223 to 254 are colored purple, with the common MAP2/VP40 residues colored cyan. The amino acid segment 223 to 254 is largely solvent exposed and thus provides a binding surface for tubulin. The C-terminal residues 308 to 321 are colored green. (C) Full-length VP40 and two VP40 mutants with deletions in the motif region were transfected into 293T cells, which were treated with 10 M nocodazole for 2 h before fixation. Cells were stained with antibodies to VP40 (green) and ␣-tubulin (red) and labeled with Hoechst dye (blue). Unlike full-length VP40, neither of the deletion mutants protected microtubules from depolymerization. Bar, 20 m.
Ferralli and colleagues reported that the tubulin binding repeats alone are not sufficient for microtubule bundling and that flanking sequences, which include proline-rich regions Nterminal to the repeats, are critical for binding and bundling (15) . Proline-rich sequences have also been recognized in other MAPs (23, 27, 56) . VP40 also contains several prolinerich sequences in the N-terminal domain, suggesting that the microtubule binding may result from coordinated action of the 31-amino-acid motif and the proline-rich sequences. The conformational change resulting from the deletion of the C-terminal tail of VP40 may severely alter the coordination of these motifs with respect to each other, leading to loss of the microtubule binding surface. Furthermore, ionic interactions between the basic patches of Ebola VP40 (11) and acidic regions of tubulin may contribute to these interactions as suggested for vesicular stomatitis virus and Sendai virus M proteins (34, 42) . Therefore the interaction between tubulin and VP40 may be complex and its precise mechanism remains to be determined by more detailed and targeted mutational analyses.
Although the ability of purified VP40 to bind to purified tubulin (Fig. 3) and to enhance the polymerization of tubulin in an in vitro assay (Fig. 6) indicates a direct interaction between the two proteins, this does not preclude the possibility of an additional affinity for a motor protein. Involvement of a motor protein would be expected for directed transport along microtubules. Microtubules are polarized structures, and the direction of movement along them is a function of the associated motor proteins. Binding to the minus-end-directed motor protein dynein has been reported for African swine fever virus protein 54 (1) as well as VP26 of herpes simplex virus (12) , and binding to members of the plus-end directed kinesin family of motor proteins has been demonstrated for the vaccinia virus protein A36R (47, 57) and murine leukemia virus Gag proteins (24) . Bidirectional movement along microtubules, believed to be the result of two competing motor activities, has been described for adenovirus (53) . Inwardly directed movement along microtubules is unlikely to be of great importance for EBOV because, as a negative-strand RNA virus, it does not need to make its way into the nucleus for replication. However, viral progeny must reach the plasma membrane to bud from the cell surface. Therefore, a microtubule association may conceivably be equally important for the egress of viruses that replicate in the cytoplasm. Use of microtubules and associated motor proteins for movement of viral particles to the site of budding has been proposed for African swine fever virus and vaccinia virus (22, 36) . It is intriguing that the VP40 deletion mutants that did not cause microtubule bundling also failed to associate with the plasma membrane (Fig. 7C) . While this finding suggests a possible role for microtubules in VP40 membrane translocation, more detailed studies and conclusive evidence are needed to ascertain a direct relationship.
Our present and previous studies demonstrated that VP40 is found both in the cytoplasm (43) and plasma membrane, a property shared with matrix proteins of Marburg virus (25) , Sendai virus (26) , and parainfluenza virus (8) . The cytoplasmic pool of VP40 bound to microtubules may provide a link between the ribonucleocapsid assembly and the envelope assembly believed to be driven by membrane-associated VP40 (2). Microtubules have been reported to be involved in viral transcription of negative-strand RNA viruses such as Sendai virus, vesicular stomatitis virus, and measles virus (37, 38) . M proteins of vesicular stomatitis virus, Sendai virus, rabies, measles, and influenza virus are known to cease transcription, allowing the assembly process to be initiated (6, 9, 20, 35, 42, 54, 58) . Microtubule binding of Sendai virus M protein has been shown to remove the inhibitory effect of M protein on viral transcription (42) . It remains to be seen whether filoviral matrix proteins also use this common mechanism of Mononegavirales.
Studies are under way in our laboratory to examine this possibility. In summary, our data suggest that EBOV uses cellular microtubules during its life cycle. These findings add this filovirus to a growing list of viruses that have evolved mechanisms to exploit cytoskeletal components to their own advantage. Future studies should reveal the detailed mechanism of this interaction and its functional consequence for the biology of EBOV. Understanding the cellular components that the virus relies on for replication is essential for devising strategies for therapeutic intervention. In this regard, microtubules may be an important therapeutic target. In particular, conservation of this pathway among multiple viruses suggests that therapeutic strategies aimed at such cellular machineries may lead to development of broad-spectrum antivirals.
